Cellulose triacetate was synthesised by the transesterification reaction of mild acid-pretreated lignocellulosic biomass with a stable acetylating reagent (isopropenyl acetate, IPA) in an ionic liquid (1-ethyl-3-methylimidazolium acetate, EmimOAc) which enabled the dissolution of lignocellulose as well as the organocatalytic reaction. The homogeneous acetylation of pretreated sugar-cane bagasse was carried out under mild conditions (80 C, 30 min), and the subsequent reprecipitation processes led to enriched cellulose triacetate with a high degree of substitution (DS; 2.98) and glucose purity ($90%) along with production of lignin acetate.
Introduction
Cellulose-based materials (e.g. cellulose acetate) have been widely utilised for diverse applications 1-3 such as membrane matrices, 4 optical lms, 5 cigarette lters, 6 etc. [7] [8] [9] [10] [11] Their importance can also be acknowledged from the viewpoint of green and sustainable chemistry. 12 Cellulose is a major component of lignocellulosic biomass, so-called lignocellulose, that is independent from the instinctive competition with human food supplies. Despite the inherent advantage of cellulose-based materials, their synthesis from the original lignocellulose typically involves multi-step transformations that require harsh conditions. This is primarily attributable to the insolubility of cellulose, which leads to a fairly high cost associated with the purication step as compared to the processing of petroleumbased chemicals. 13 To be precise, although cellulose comprises water-soluble glucose as a repeating unit, it is nearly insoluble in both common organic and aqueous solvents because of the extraordinarily strong hydrogen bonding networks within its polymeric structures. It is also worth noting that cellulose generally needs to be isolated from lignocellulose containing hemicellulose and lignin 14 prior to chemical modications. The series of steps involved in this isolation process is known as pulping. The removal of lignin from lignocellulose, also called delignication, 15 is one of the difficult tasks in the pulping system because of the low reactivity of lignin and the partial chemical linkages between the lignin and carbohydrates. 16, 17 Delignication is a multi-step process and requires a highly basic and oxidative medium at high temperatures. 18, 19 Furthermore, it suffers from poor selectivity and further purication by bleaching techniques can result in signicant degradation of the constituent carbohydrates. 20 Such multiple harsh delignication processes increase the cost and energy consumption in the entire cellulose purication process when compared to petroleum-based chemicals. Therefore, the production of highly pure cellulose-based materials from lignocellulose with simple and mild chemical treatments is in great demand to further supplement their inherent green chemistry attributes.
In recent years, ionic liquids (ILs) have emerged as a novel platform with an excellent dissolution ability 21, 22 for otherwise insoluble materials including cellulose. 23, 24 Using ILs as solvents for cellulose bypasses the conventional binary solvent mixtures (e.g. N,N-dimethylacetamide/LiCl) and designer solvents can be developed by tuning the structure of ILs.
25,26
Consequently, ILs have attracted signicant attention for application in cellulose-related chemistry. In this context, we have previously reported that an ionic liquid, 1-ethyl-3-methylimidazolium acetate (EmimOAc), acts not only as a cellulose solvent, but also as an organocatalyst in the transesterication reaction of cellulose. [27] [28] [29] This bifunctional employment of EmimOAc allowed cellulose to react efficiently under mild conditions without environmentally hazardous catalysts (e.g. Brønsted acids such as sulfuric acid and organometallics) and additional activating reagents such as acid anhydrides and carboxylic halides.
It is worth noting that EmimOAc can dissolve both pure cellulose 30, 31 and lignocellulose. 32, 33 This foreknowledge encouraged us to investigate the applicability of our cellulose modication protocol 27 toward lignocellulose. Chen et al. have also utilised this attribute of EmimOAc to successfully obtain acylated bagasse. 34 Although these authors demonstrated the direct conversion of lignocellulose, the isolation of cellulose derivatives and the loss of the lignin fraction was not addressed in detail. Therefore, it is still a challenging task to enrich the target cellulose derivatives directly from lignocellulose under simple and mild conditions.
In this study, the direct acetylation of bagasse was conducted using the bifunctional IL, EmimOAc, and the subsequent reprecipitation in methanol (MeOH) to separate both the polysaccharide and lignin acetyl derivatives was performed. In addition, we have proposed another synthetic process that allows enriching the cellulose derivatives from bagasse via a mild acid-pretreatment step, as depicted in Scheme 1. This involves (1) the selective acid hydrolysis of hemicellulose in bagasse, and (2) homogeneous acetylation of the pretreated bagasse and the subsequent reprecipitation process. This simple two-step process successfully afforded both enriched cellulose triacetate and lignin acetate. C nuclear magnetic resonance (NMR) spectra were recorded using a JNM-ECA 600 spectrometer (JEOL Ltd., Tokyo, Japan) in deuterated solvents, and the chemical shis (d) were given in ppm referenced to either the residual solvent peak or tetramethylsilane (TMS, d ¼ 0) as the internal standard. Fourier transform infrared spectrometer (FT-IR) spectra were recorded on a Thermo Fisher Scientic Nicolet iS10 (Thermo Fisher Scientic, Inc., Tokyo, Japan) spectrophotometer equipped with an attenuated total reection (ATR) unit. All the centrifugation processes (12 500 Â g, 4 C, 60 min) were conducted using a compact high-speed refrigerated centrifuge (KUBOTA 6930, Kubota Co., Ltd., Osaka, Japan). The molecular weights of the polymeric samples were determined by size exclusion chromatography (SEC, Prominence UFLC system, Shimadzu Co., Kyoto, Japan) based on polystyrene standards. All SEC measurements were carried out at 40 C using TSK gel a-M (Tosoh Co., Tokyo, Japan), and 0.01 mol L À1 LiBr in dimethylformamide (DMF, HPLC grade, Kanto Chemicals Co., Inc., Tokyo, Japan) was used as an eluent at the ow rate of 1.0 mL min À1 . The high-performance liquid chromatograph (HPLC) was equipped with a refractive index (RI) detector (Shimadzu Co., Kyoto, Japan) and a CARBOSep CHO-682 column (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan). HPLC measurements were conducted at 85 C with an ultrapure water mobile phase and ow rate of 0.4 mL min À1 . A DU® series 700 UV/VIS scanning spectrophotometer (Beckman Coulter, Inc, Tokyo, Japan) was used for UV measurements at 240 nm with a quartz cell (path length: 1 cm).
Experimental

Synthesis and isolation protocols
2.2.1. Direct acetylation of bagasse. Initially, bagasse was crushed using a grinder mill (Y-308B, Osaka Chemical Co., Ltd., Osaka, Japan) into a powder having particles of size smaller than 250 mm. Prior to use, the collected powder was further puried by Soxhlet extraction using dichloromethane for at least 16 h, and then drying in a vacuum oven at 70 C for 24 h.
The puried bagasse (600 mg, 6 wt%/EmimOAc) was transferred to a Schlenk tube with 10 g of EmimOAc, and the mixture was dried under vacuum at 80 C for 2 h. Aer argon gas was ushed into the reaction mixture, DMSO (15 mL) was added to the solution as a co-solvent to assist in the dissolution of bagasse. was added to the solution, and acetylation was conducted by stirring for 30 min. Subsequently, the highly viscous reaction mixture was diluted with a small amount of dichloromethane and poured into MeOH (600 mL). The precipitated polymer was ltered and washed with MeOH to yield a pale yellowish gel-like solid. Aer the MeOH-insoluble gel was dissolved in chloroform (300 mL) by stirring at room temperature for 1 h, the resultant solution was ltered to remove the chloroform-insoluble residue. The average yield (n ¼ 2) of the residue was 192 mg. The chloroform ltrate was then concentrated and reprecipitated into MeOH (300 mL). The pale yellowish gel-like residue was subsequently washed with MeOH and distilled water. Aer freeze drying for two days, polysaccharide acetate was obtained. The average yield (n ¼ 3) was 326 mg.
The MeOH ltrate obtained in the rst precipitation step was concentrated using an evaporator at 40 C, and a black viscous liquor containing EmimOAc, DMSO, and lignin derivatives was obtained. Acetone (100 mL) was added to the obtained solution to produce a clear homogeneous mixture. To remove Emim + , the homogeneous acetone solution was stirred at room temperature for 2 h along with a strong-acidic cation exchange resin (50 g, Amberlite® IRN-77, H + form, Sigma-Aldrich Co., LLC., St. Louis, MO, USA). The used resin was removed by ltration and washed with acetone. The acetone ltrate was again evaporated at 40 C, and the resultant mixture was added dropwise to distilled water (600 mL) to precipitate light brown coloured particles. Aer centrifugation, the residue was washed with distilled water and freeze dried for two days to obtain lignin acetate. The average yield (n ¼ 3) was 144 mg. 2.2.2. Acetylation of mild acid-pretreated bagasse. To selectively remove hemicellulose as C5 sugars, a mild acidpretreatment of the bagasse was conducted by following the literature procedure.
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The puried bagasse powder (3.0 g) was presoaked in a 3.0 mol L À1 sulfuric acid aqueous solution with a 3% (w/w) total solids loading at room temperature for 4 h. This slurry, which was prepared in a 250 mL polytetrauoroethylene (PTFE) inner tube embedded within a pressure resistant stainless-steel vessel, was heated in a rotary type oven (RDV-TM2, SAN-AI Kagaku Co., Ltd., Aichi, Japan) at 160 C for 20 min (160 C temperature was reached in 50 min from room temperature). Aer the reaction container was cooled to room temperature in an ice bath, the acidic slurry was vacuum ltered. The redbrown coloured residue was washed with distilled water (100 mL) at least ve times and dried in a vacuum oven at 70 C for 24 h to obtain pretreated bagasse that mainly contained cellulose and lignin. The homogeneous acetylation process using the EmimOAc/ DMSO system and the subsequent separation of the synthesized cellulose triacetate in the MeOH-insoluble fraction and lignin acetate in the MeOH-soluble fraction were performed in the same manner for direct bagasse conversion as described in the experimental Section 2.2.1. The obtained cellulose triacetate was further puried by chloroform dissolution and ltration.{ The average yields (n ¼ 3) were 423 mg (cellulose triacetate) and 197 mg (lignin acetate).
Composition analysis
Prior to composition analysis, deacetylation of the acetylated polysaccharides was conducted according to the literature procedure 39 because this analytical method was intended for the chemically-unmodied lignocellulose.
Polysaccharide acetate from bagasse, cellulose triacetate from pretreated bagasse, and cellulose acetate from Avicel were dried under vacuum at 70 C for 24 h before use. The acetylated polysaccharide (200 mg) was weighed into a 30 mL vial. A mixed solvent (20 mL) of acetone/MeOH (1 : 1, v/v) was added and stirred at room temperature for 2 h. Deacetylation was conducted by stirring the mixture at room temperature for 24 h with a 1.0 mol L À1 sodium hydroxide aqueous solution (2.0 mL). The resultant solution was ltered aer centrifugation. The pale yellow powdery residue was washed repeatedly with distilled water and collected aer freeze drying for two days. The average yields (n ¼ 3) of the deacetylated products were 105 mg (bagasse-derived polysaccharide acetate), 109 mg (pretreated bagasse-derived cellulose triacetate), and 116 mg (Avicel-derived cellulose acetate). The composition analyses of the deacetylated polysaccharides and the starting materials (i.e., bagasse and pretreated bagasse) were conducted according to the standard biomass analytical method provided by the NREL. 40 A simplied ow chart of the composition analysis protocol is depicted in Scheme 2. This procedure essentially involves the following two steps: (1) acid hydrolysis of the sample to fractionate into two quantiable components depending on its solubility in an acidic solution, and (2) quantication of the hydrolysate obtained in the rst step via HPLC and UV measurements.
Results and discussion
Direct acetylation of bagasse and subsequent fractionation into polysaccharide acetate and lignin acetate
To synthesise cellulose derivatives with sufficient purity directly from lignocellulose, direct acetylation of bagasse was carried out. In this context, bagasse was subjected to a transesterication reaction in a mixed solvent of EmimOAc/DMSO, which enabled both lignocellulose dissolution and organocatalytic transesterication. Considering the common solubility behaviour of cellulose acetate, 27,28 hemicellulose acetate, 29 and lignin acetate, 41 MeOH was selected as the anti-solvent for polysaccharide acetyl derivatives and as a good solvent for lignin acetate. § Additionally, chloroform was selected as good solvent for the obtained acetylated polysaccharide because it can solubilise cellulose acetate exceptionally well with a high degree of substitution (DS). Therefore, the obtained reaction mixture was precipitated into MeOH and then fractionated into MeOH-insoluble and soluble portions. The MeOH-insoluble portion containing the polysaccharide acetate was further puried by chloroform dissolution, and the isolated product yields are summarised in Table 1 .
The bagasse sample (600 mg) used in this study was revealed to contain 66 wt% polysaccharides corresponding to 398 mg (see Table S4 in ESI † for the composition of the starting materials). If all of the hydroxyl (OH) groups of the polysaccharides were acetylated, 683 mg of the polysaccharide acetate was expected to be generated, given that hemicellulose in the bagasse sample was essentially composed of xylan. Therefore, the collected weight of 326 mg corresponded to 48% isolated yield. Along with the carbohydrates, the lignin component was 28 wt% of the employed bagasse as determined by the composition analysis (Table S4 in ESI †). In addition, the alcoholic, phenolic, and carboxylic acid OH concentrations of lignin were separately estimated by quantitative 31 P NMR analysis, 42, 43 which indicated that 4.53 mmol g À1 of total OH groups were present in bagasse-derived lignin (Tables S6-S7 in ESI † for the determination of the lignin OH concentration). Thus, 198 mg of lignin acetate was theoretically expected to be produced from bagasse via the acetylation process, thus providing a reasonable agreement with the experimental result of 144 mg (corresponding to 72% isolated yield). Therefore, both polysaccharide acetate and lignin acetate were obtained from bagasse in acceptable to moderate isolated yields.
To provide clear chemical information, both fractions were characterized by FT-IR and 1 H NMR. In the FT-IR spectra ( Fig. 1) , a strong absorption at $1738 cm À1 corresponding to C]O stretching was observed for both fractions. Furthermore, the band at 1211 cm À1 (C-O-C ether stretching) was also detected for both fractions. These observations implied that the transesterication reaction of bagasse and subsequent reprecipitation processes afforded the acetylated polymeric fractions depending on their solubility in MeOH. A detailed insight into the chemical structures of these two fractions were provided by 1 H NMR analysis, as shown in Fig. 2 . In the spectrum of the MeOH-insoluble fraction ( Fig. 2 (upper) ), the chemical shis corresponding to the acetyl protons were observed in the spectral range of 1.9-2.1 ppm. In addition, the signals in the range of 3.2-5.1 ppm corresponded to the sugar skeleton. As there were no clear peaks arising from the aromatic protons of lignin in the spectrum, it was concluded that the MeOHinsoluble fraction was mainly composed of polysaccharide acetate.
In the same manner as that for the MeOH-insoluble fraction, peaks in the range of 1.9-2.4 ppm arising from the acetyl groups were detected in the spectrum of the MeOH-soluble fraction (Fig. 2 (lower) ). The broad peaks in the spectral range of 6.5-7.2 ppm corresponded to the aromatic skeleton of lignin. It is noteworthy that there were no clear peaks attributable to polysaccharides. These experimental data indicated that the isolation of polysaccharide acetate from lignin acetate could be accomplished by a simple reprecipitation process with MeOH.
Next, a precise investigation of polysaccharide acetate was conducted to conrm the purity of the obtained polysaccharide acetate. Hence, the acetylated lignocellulosic components, namely, cellulose acetate, xylan acetate, and lignin acetate, were separately prepared as reference samples (see ESI † for the synthetic protocols). The 1 H NMR spectrum of bagasse-derived polysaccharide acetate was compared with those of the reference samples, as depicted in Fig. 3 . As expected from the chemical composition of bagasse, the above-mentioned 1 H NMR spectrum was in a reasonable agreement with the superimposition of the spectra of cellulose acetate and that of xylan acetate without a distinct contribution from lignin acetate. In b Estimated on the basis of the results of the composition analyses of both pretreated bagasse and the acetylated products.
c Collected as the chloroform-soluble portion. The amount of the chloroform-insoluble portion was negligible in the case of pretreated bagasse. § Among alcohol derivatives, MeOH was selected because of its low boiling point and low cost. In addition, other common organic solvents were not selected because acetone, for example, can partially dissolve polysaccharide acetate as well as lignin acetate. addition, the 13 C NMR spectra also showed that the bagassederived polysaccharide acetate was composed of not only cellulose, but also other polymeric sugars (Fig. S1 in ESI †) . These analyses demonstrated that the direct bagasse transesterication in EmimOAc/DMSO mixed system led to two fractions via a simple reprecipitation process, which corresponded to (1) the MeOH-insoluble polysaccharide-rich fraction mainly comprising cellulose acetate and xylan acetate, and (2) the MeOH-soluble fraction essentially containing lignin acetate.
Acetylation of mild acid-pretreated bagasse and enrichment of cellulose triacetate
As discussed in the previous section, the subsequent MeOH reprecipitation process aer the direct modication of bagasse successfully afforded polysaccharide acetate without any harsh delignication treatments. Thus, the next challenge was to further separate cellulose acetate from hemicellulose acetate. The chemical structures of both cellulose and hemicellulose acetates are similar to each other and their solubility in common organic solvents is also similar in principle. It was expected that the similarity in properties would suppress the complete separation of cellulose acetate from hemicellulose acetate simply based on the solubility, as compared to the case of polysaccharide acetate and lignin acetate.
We then hypothesised that a mild acid-pretreatment of the lignocellulose could lead to further separation of the lignocellulosic components, namely, cellulose and hemicellulose, because the mild acid hydrolysis could selectively destroy hemicellulose in the lignocellulose while cellulose and lignin remained intact. 38 In order to chemically prove our concept, the mild acid-pretreated bagasse was subjected to transesterication in the EmimOAc/DMSO system in a manner similar to the bagasse transesterication mentioned above. Aer the reaction, the EmimOAc/DMSO reaction medium was also fractionated into the MeOH-insoluble and soluble portions. The isolated yields of the two fractions are summarised in Table 2 (the mass balance diagram is shown in Table S1 in ESI †), which were reasonable agreement with the corresponding theoretical yields estimated by the composition of pretreated bagasse (Table S4 in ESI †). Furthermore, the 1 H NMR spectrum of the MeOH-insoluble portion was in good agreement with that of cellulose acetate synthesized from Avicel ( Fig. 4 (le) ). Peaks corresponding to hemicellulose in the spectral range of 3.5-5.5 ppm and those attributable to lignin in the range of 6.2-7.2 ppm were not observed within the 1 H NMR sensitivity range. The
13
C NMR spectrum further conrmed that the MeOH-insoluble portion was correctly assigned as cellulose acetate (Fig. S2 in ESI †) . In addition, the average DS (n ¼ 3) of cellulose acetate obtained from pretreated bagasse was determined to be 2.98, corresponding to $99% OH group conversion (see ESI † for the DS determination). According to the US Federal Trade Commission, cellulose triacetate is dened as at least 92% of OH groups in the cellulose being acetylated. 44 Thus, the cellulose acetate obtained from pretreated bagasse was assigned as cellulose triacetate.
On the other hand, the 1 H NMR spectrum of the MeOHsoluble portion (depicted in Fig. 4 (right) ) was also in good agreement with that of lignin acetate synthesised from lignin that was isolated from bagasse without any distinct peaks corresponding to the polysaccharides. The OH group conversion of lignin in pretreated bagasse was estimated to be 77% based on the quantitative 31 P NMR measurements (Table S7 in ESI †).
These results demonstrated the efficient acetylation of both cellulose and lignin in pretreated bagasse using the EmimOAc/ DMSO system, and the subsequent reprecipitation processes enabled the synthesis of cellulose triacetate along with the production of lignin acetate. Considering the potential applications of lignin derivatives in diverse elds, 19, 45 this concurrent production of lignin acetate could be benecial.
To further ensure the purity of the recovered cellulose triacetate, elemental analyses and SEC were measured. In addition, composition analyses by HPLC measurements were also performed for the monomeric sugars obtained aer acid hydrolysis of the pretreated bagasse-derived cellulose triacetate. In general, cellulose acetate should be a linear polymer and form random coil conformations in the solution state. On the other hand, lignin acetate should have a branched structure and its hydrodynamic volume in solution is expected to be lower than that of cellulose acetate. As expected, the peak of cellulose triacetate obtained from pretreated bagasse did not overlap with that of lignin acetate (Fig. 5) . The M w of cellulose triacetate was 1.3 Â 10 3 kg mol À1 and that of lignin acetate was determined to be 3.7 kg mol À1 . These observations showed that cellulose triacetate was sufficiently separated from lignin acetate, and the obtained cellulose triacetate maintained its polymeric structure throughout the mild acid pretreatment. The monomeric structure of cellulose triacetate obtained from the pretreated bagasse was precisely determined by HPLC analysis. Specically, the acid-hydrolysed polysaccharide samples were analysed by comparing with glucose, xylose, galactose, arabinose, and mannose as standard sugars (the details of composition analysis were summarized in ESI, please see Fig. S5-S6 †) . Fig. 6 shows the HPLC charts of the hydrolysates from cellulose triacetate that was obtained from both pretreated bagasse and Avicel and the determined compositions are summarised in Table 3 . The contamination of hemicellulose ($2.1 wt%) and lignin ($5.2 wt%) was in the range observed for the Avicel-derived reference sample. Most importantly, the HPLC measurements proved a sufficiently high glucose purity ($90%, Table S3 in ESI †) for cellulose triacetate obtained from pretreated bagasse. This glucose concentration reached the value for cellulose triacetate from Avicel. Overall, the simple synthesis of enriched cellulose triacetate was achieved by the combination of the mild acid-pretreatment of bagasse, direct transesterication in EmimOAc/DMSO, and subsequent reprecipitation in MeOH.
Conclusions
The bifunctional use of EmimOAc enabled the homogeneous transesterication of lignocellulose without any corrosive reagents and additional catalysts. The reaction medium from the transesterication of bagasse was subjected to a simple reprecipitation in MeOH, essentially fractionating into polysaccharide acetate and lignin acetate. In addition, the mild acid-pretreated bagasse was employed as the starting biomass to realise the facile enrichment of cellulose triacetate with a high glucose purity ($90%) without using a harsh deligni-cation process. Therefore, we believe that the reported protocol can provide a direct path toward the production of important polymeric materials from biomass.
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